A rod-shaped, endospore-forming, Gram-reaction-positive bacterium, designated strain TC22-2b T , was isolated from compost in Tochigi, Japan. Phylogenetic analysis based on 16S rRNA gene sequences showed that the strain belonged to a cluster comprising species of the genus Paenibacillus and was most closely related to the type strain of Paenibacillus elgii (93.4 % similarity). The major cellular fatty acids were C 16:0 (25.5 %), iso-C 16:0 (23.6 %) and anteiso-C 15:0 (21.5 %). The predominant menaquinone was MK-7. The major polar lipids were diphosphatidylglycerol, phosphatidylglycerol and phosphatidylethanolamine. The diamino acid found in the cell wall peptidoglycan was meso-diaminopimelic acid, and the DNA G+C content was 59.1 mol%. The results of physiological and biochemical tests enabled the phenotypic differentiation of strain TC22-2b
The genus Paenibacillus was described by Ash et al. (1993) on the basis of the analysis of the 16S rRNA gene sequences of group 3 bacilli. At the time, there were more than 100 species of the genus Paenibacillus with validly published names (http://www.bacterio.net/p/paenibacillus.html). In general, members of this genus are facultatively anaerobic or strictly aerobic, endospore-forming and rod-shaped (Ash et al., 1993; Shida et al., 1997) . Species belonging to the genus Paenibacillus have been isolated from various sources such as food (Berge et al., 2002) , faeces (Velázquez et al., 2004) , soil (Yoon et al., 2007; Khianngam et al., 2009) , compost (Chung et al., 2000; Iida et al., 2005) , sediment (Montes et al., 2004) , rhizosphere (Daane et al., 2002) and a warm spring (Saha et al., 2005) . In this paper, we describe the phylogenetic, morphological, physiological and chemotaxonomic characteristics of strain TC22-2b T isolated from compost.
The minimal standards for describing new taxa of aerobic, endospore-forming bacteria proposed by Logan et al. (2009) were used to characterize the novel species in this study. All chemicals were purchased from Wako Pure Chemical Industries, unless indicated otherwise. During the screening of thermophilic bacteria, a moderately thermophilic bacterium, designated strain TC22-2b T , was isolated from spontaneously digested compost (55 u C) produced from tree leaves, branches, bark and buckwheat husks in Tochigi Prefecture, Japan. Strain T was purified by subculturing on Luria-Bertani broth (LB: 10 g tryptone, 5 g yeast extract and 5 g NaCl in 1 l distilled water; pH 6.8-7.2; Sigma-Aldrich), which was solidified with 15 g agar l
21
. Cultures were incubated at 50 u C and preserved at 280 u C in medium supplemented with 10 % (v/v) DMSO.
The 16S rRNA gene of strain T was amplified by PCR using the bacterial universal primers B27F (forward; 59-AGAGTTTGATCMTGGCTCAG-39, positions 8-27 based on Escherichia coli numbering) and U1492RM (reverse; 59-GGYTACCTTGTTACGACTT-39, positions 1510-1492 based on E. coli numbering). The following thermal cycle was used: initial denaturation at 94 u C for 3 min; 30 cycles of denaturation at 94 u C for 30 s, annealing at 61 u C for 30 s and extension at 72 u C for 2 min; and final extension at 72 u C for 5 min. DNA sequencing was performed using the dideoxynucleotide chain-termination method. The 16S rRNA gene sequence (1474 bp) of strain T was compared with the sequences available in GenBank using BLASTN (http://blast. ncbi.nlm.nih.gov/Blast.cgi; Altschul et al., 1990) before calculating the pairwise sequence similarity values between strain TC22-2b T and sequences from closely related strains using two tools: the FASTA program (Lipman & Pearson, 1985) in Genetyx and the EzTaxon-e server (Kim et 2012). Sequences of the novel isolate and related taxa were aligned using CLUSTAL W (Thompson et al., 1994) . Phylogenetic trees were constructed using the neighbourjoining (Saitou & Nei, 1987) , maximum-parsimony (Fitch, 1971) and maximum-likelihood (Felsenstein, 1981) methods in MEGA5 (Tamura et al., 2011) . Evolutionary distance matrices were calculated using Kimura's two-parameter model (Kimura, 1980) for the neighbour-joining method. The tree topologies were evaluated by bootstrap analyses (Felsenstein, 1985) based on 100, 1000 and 1000 resamplings for the maximum-likelihood, neighbour-joining and maximum-parsimony algorithms, respectively. T within the genus Paenibacillus ( Fig.  1 and Fig. S1 , available in IJSEM Online). The phylogenetic trees reconstructed using the maximum-parsimony and maximum-likelihood algorithms were similar to the neighbour-joining tree and also supported the inclusion of strain TC22-2b T in the genus Paenibacillus. These results suggest that strain TC22-2b T should be classified as representing a novel species of the genus Paenibacillus, based on the recommendations of Wayne et al. (1987) and Stackebrandt & Goebel (1994) for the genomic distinction of species.
Based on 16S rRNA gene sequence similarity and topology of the phylogenetic tree, the type strains of four closely related species were selected for comparison: P. elgii NBRC 100335 T and P. validus NBRC 15382 T were obtained from the National Institute of Technology and Evaluation (NITE) Biological Resource Center (NBRC); P. hodogayensis JCM 12520 T was obtained from the Japan Collection of Microorganisms (JCM); and P. ginsengarvi DSM 18677 T was obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ). These strains were cultured at 30 u C in the same medium as strain T and used as reference strains in most phenotypic tests.
Cells of strain TC22-2b
T were grown in MBS-GY medium [modified Brock's basal salts (MBS) (Kurosawa et al., .6] at 50 u C and examined to determine their morphological and growth properties. The cell morphology and endospore formation were observed using a phase-contrast microscope (Axioskop 40; Carl Zeiss). The cell motility was determined by observing the spread of cells in semi-solid MBS-GY medium containing 4 g agar l
21
. The Gram-reaction test was performed using a Gram stain kit according to the manufacturer's instructions (Becton Dickinson) and the non-staining KOH method (Buck, 1982) . Growth at 20, 25, 34, 40, 50, 55, 58 and 60 u C and pH 5, 6, 7, 8, 9 and 10 were tested on MBS-GY medium for 8 days. The pH of MBS-GY was adjusted by adding 50 % H 2 SO 4 or 1 M NaOH. Salt tolerance was tested in MBS-GY media supplemented with 0-4.0 % (w/v) NaCl at 0.5 % intervals for 8 days. Anaerobic growth was tested on MBS-GY agar plates (MBS-GY medium solidified by 15 g agar l
) for up to 46 days in a jar containing AnaeroPack-Anaero (Mitsubishi Gas Chemical), which is an oxygen absorber and a CO 2 generator. Catalase activity was determined on the basis of bubble production in a 3 % (w/v) aqueous hydrogen peroxide solution. The oxidase activity was tested using Oxidase Strips according to the manufacturer's instructions (Polysciences). Hydrolysis of casein and starch was tested on MBS supplemented with 10 g of each substrate, 1 g yeast extract and 15 g agar l 21 according to previously described methods (Barrow & Feltham, 1993) . H 2 S production, the Voges-Proskauer test, the methyl red test and the hydrolysis of Tween 80 were determined as reported by Barrow & Feltham (1993) . Acid production from carbohydrates was tested using the API50CHB system (bioMérieux), while other physiological and biochemical tests were performed using the API20NE system (bioMérieux) according to the manufacturer's instructions.
Cells of strain TC22-2b
T were Gram-reaction-positive, strictly aerobic, motile and catalase-and oxidase-positive. Vegetative cells were straight, rod-shaped, 0.6-0.8 mm in width and 2.4-5.6 mm in length (Fig. S2) . Strain TC22-2b T formed ellipsoidal spores, which were located terminally or subterminally in swollen sporangia (Fig. S2) . Colonies of strain TC22-2b
T were 1-2 mm in diameter, white in colour, opaque, circular, smooth, flat and glossy when grown on MBS-GY agar at 50 u C for 20 h. Strain TC22-2b T grew at 25-58 u C (optimum 50-55 u C) and pH 6-9 (optimum pH 7-8) but not at 60 u C, pH 5 and pH 10. Strain TC22-2b
T grew in MBS-GY medium containing 0-3.5 % (w/v) NaCl but not 4.0 % (w/v) NaCl. The other physiological and biochemical characteristics of strain T are given in the species description below, while comparisons of selected characteristics with those of the type strains of closely related species are shown in Table 1 .
Growth at 55 u C was observed for strain TC22-2b T but not the other strains. Its distinct physiological and biochemical profile allowed differentiation of the novel strain from the type strains of closely related species.
To determine the cellular fatty acid composition, strain TC22-2b T and reference type strains were incubated in MBS medium supplemented with 5 g yeast extract l 21 at 50 u C and 30 u C, respectively. Fatty acids in the cells during the exponential growth phase were hydrolysed and methylated using tetramethylammonium hydroxide at 315 u C. The fatty acid methyl esters produced were analysed by GC/MS (using a 6850 Network GC system and a 5975CVL-MSD with a Triple-Axis Detector; Agilent). Isoprenoid quinones were extracted with chloroform/ methanol (2:1, v/v) and analysed using fast-atom bombardment-MS (with an EI/FAB mate BU25; JEOL) with diethanolamine as the matrix for the negative MS. Polar lipids were extracted and analysed by two-dimensional TLC according to the method of Minnikin et al. (1984) . The isomer type of the diamino acid in the cell wall was analysed according to the method of Staneck & Roberts (1974) . The G+C content of the genomic DNA was determined using HPLC according to the method of Noguchi et al. (1988) .
The major fatty acids of strain TC22-2b T were C 16:0 (25.5 %), iso-C 16:0 (23.6 %) and anteiso-C 15:0 (21.5 %). The fatty acid profile of strain TC22-2b
T was similar to those of related species of the genus Paenibacillus, although the relative proportions of the predominant fatty acids differed significantly from those of other species (Table 2) , i.e., strain TC22-2b
T contained larger amounts of iso-C 16:0 but smaller amounts of anteiso-C 15:0 . These differences suggest that strain TC22-2b
T is not affiliated with any species of the genus Paenibacillus with a validly published name. In a previous comparison between species of the genus Cohnella, species with a high growth temperature tended to contain a higher percentage of iso-C 16:0 and lower percentage of anteiso-C 15:0 compared with species that had lower growth temperatures. For example, Cohnella fontinalis, which grows at 25-55 u C, contained 20.6 % iso-C 16:0 and 33.2 % anteiso-C 15:0 (Shiratori et al., 2010) , whereas Cohnella phaseoli, which grows at 10-45 u C, contained 14.1 % iso-C 16:0 and 44.5 % anteiso-C 15:0 (García-Fraile et al., 2008) . The predominant isoprenoid quinone was menaquinone with seven isoprene units (MK-7), as found in other species of the genus Paenibacillus. Diphosphatidylglycerol, phosphatidylglycerol and phosphatidylethanolamine were the major polar lipids detected. The diamino acid in the cell wall peptidoglycan of strain TC22-2b T was meso-diaminopimelic acid. The DNA G+C content of strain TC22-2b T was 59.1±0.4 mol%. This value exceeded the DNA G+C content described for the majority of species in the genus Paenibacillus (Shida et al., 1997) . Most species of the genus Paenibacillus have a G+C content of 45-54 mol% (Shida et al., 1997) Based on the phylogenetic and phenotypic data, strain TC22-2b T represents a novel species within the genus Paenibacillus, for which the name Paenibacillus thermoaerophilus sp. nov. is proposed.
Description of Paenibacillus thermoaerophilus sp. nov.
Paenibacillus thermoaerophilus (ther.mo.aer.ó .phi.lus. Gr. adj. thermos, hot; Gr. masc. n. aer, air; Gr. adj. philos, loving; N.L. masc. adj. thermoaerophilus, loving heat and air).
Cells are rod-shaped, approximately 0.6-0.8 mm wide and 2.4-5.6 mm long, strictly aerobic, Gram-reaction-positive, motile and catalase-and oxidase-positive. Ellipsoidal spores are located terminally or subterminally in swollen sporangia. Colonies on MBS-GY agar are 1-2 mm in diameter, white in colour, opaque, circular, smooth, flat and glossy after 20 h of incubation at 50 u C. The temperature range for growth is 25-58 u C and the optimum temperature for growth is 50-55 u C. The pH growth range is between 6 and 9, with an optimum at pH 7-8. Growth occurs in the presence of 3.5 % (w/v) NaCl but is inhibited by 4.0 % (w/v) NaCl. Hydrolysis of starch is positive, while that aesculin, casein and gelatin is (Table 2) , and the predominant quinone is MK-7. Diphosphatidylglycerol, phosphatidylglycerol and phosphatidylethanolamine are the major polar lipids. The cell wall contains meso-diaminopimelic acid.
The type strain, TC22-2b T (5 DSM 26310 T 5JCM 18657 T ) was isolated from compost in Tochigi, Japan. The DNA G+C content of the type strain is 59.1±0.4 mol%.
